Introduction
Analysis and quantification of circulating fetal nucleic acids in maternal plasma as a risk-free alternative for prenatal genetic diagnosis has attractive clinical potential. Cell-free fetal (cff) DNA has been shown to exist in plasma and serum of pregnant women as early as 6 weeks of gestation with concentrations rising during pregnancy and peaking prior to parturition [1] . Many laboratories, including ours, have shown the utility of cff DNA as a unique source of genetic material for non-invasive prenatal evaluation of fetal gender, genetic diseases, and aneuploidy [2] [3] [4] [5] [6] . In addition, quantitative measurements of plasma DNA have been used to correlate risk among cases with various pregnancy-related complications [7] [8] [9] [10] . Though abundant in plasma, a major limitation to using cff DNA clinically is the concomitant presence of maternal DNA [1] .
Fetal DNA likely exists in the form of apoptotic bodies as shown by transmission electron and fluorescent microscopy [11, 12] . However, little is known about the biochemical or structural characteristics of cff DNA. Analysis using differentially sized PCR amplicons provides evidence of cff DNA molecules existing as smaller size fragments compared to circulating maternal DNA fragments [13] . Using a combination of gel electrophoresis and real-time PCR, fetal DNA has been shown to display apoptotic characteristics, and to exist shorter in size compared to maternal DNA in plasma [14] .
Despite ability to select cff DNA based on fragment size, technical problems relating to quality of DNA collected from plasma hinder broader genetic applications [15] . Whole genome amplification (WGA) of DNA is a promising method that generates large amounts of DNA with improved and equivalent quality from samples of limited quantity, this includes DNA recovered from plasma. Theoretically, WGA is capable of decreasing the stochastic effects resulting from low copy templates [16] . However, reliable WGA presents a significant challenge given circulating DNA in plasma consists of a mixture of differentially sized fragmented apoptotic and necrotic DNA.
We sought to determine efficiency improving purity of recovered fetal DNA based on size fragment enrichment and WGA. Enrichment through agarose gel electrophoresis combined with WGA for analysis of plasma DNA has also enabled better understanding of some of the inherent differences between maternal and fetal circulating DNA, enabling development of improved strategies for molecular analysis cff DNA from maternal plasma.
Materials and Methods

Sample Collection and Processing
Under IRB approval from Baylor College of Medicine, 31 pregnant women (gestational age (GA) = 22.41 8 6.72), 8 non-pregnant women, and 10 adult males gave informed consent to participate in the study. From each patient, 20 ml of peripheral blood was collected in vacutainers containing 1.5 ml of Solution A (trisodium citrate 22.0 g/l, citric acid 8.0 g/l, and dextrose 24.5 g/l) and processed within 24-48 h. Plasma was first separated from whole blood by centrifugation at 800 g for 10 min. Recovered plasma was then recentrifuged for an additional 10 min at 13,500 g to remove residual intact cells. Supernatant (containing free DNA) was removed and stored at -80 ° C for up to 1 month in 800-l aliquots prior to DNA extraction.
DNA Extraction
To extract DNA, 800 l of plasma from each sample was processed using the QIAmp DNA micro kit (Qiagen Sciences, Germantown, Md., USA) according to the manufacturer's instructions with minor modifications to accommodate the 800-l sample. Elution of DNA was performed using 100 l of elution buffer. All DNA samples were stored at 4 ° C prior to analysis.
Size Fractionation Using Agarose Gel Electrophoresis
The extracted DNA (50 l) was separated on a 1.0% agarose gel. Electrophoresis was carried out at 80 V for 2 h and AmpliSize molecular ruler (Bio-Rad Laboratories, Hercules, Calif., USA) was used to estimate molecular size. Each lane of the gel containing circulatory DNA was then cut with a sterile scalpel blade into three discrete sections, with the molecular weight marker used as a guide. From each of the samples and controls (non-pregnant women, males and water blanks), three sections were cut in the following size range: 100-300, 500-700, and 1,500-2,000 bp. DNA was extracted from the agarose fragments using QIAquick Gel Extraction Kit (Qiagen, Valencia, Calif., USA) and eluted in 50 l of elution buffer.
Whole Genome Amplification WGA was performed using GenomePlex TM WGA (Sigma, St. Louis, Mo., USA) according to the manufacturer's instructions with minor modifications. The fragmentation step was eliminated since the circulating DNA is highly fragmented. OmniPlex libraries were created by adding 2 l of Library Preparation Buffer and 1 l of Library Stabilization Solution to 10 l of plasma DNA and 1 l of Fragmentation Buffer. The reaction was incubated for 2 min at 95 ° C. The sample was cooled on ice prior to adding 1 l Library Preparation Enzyme. Thermal cycling was performed in a PE9700 (Applied Biosystems) and incubated at 16 ° C for 20 min, 24 ° C for 20 min, 37 ° C for 20 min, and 75 ° C for 5 min. Amplification reactions were performed with 7.5 l of GenomePlex amplification master mix and 12.5 U Jumpstart TM Taq polymerase (Sigma). Cycling conditions in a PE9700 were 95 ° C for 3 min, and 14 cycles of 95 ° C for 15 s and 65 ° C for 5 min. Positive and negative controls included purified human genomic DNA and dH 2 O respectively.
PCR Analysis
To determine the amount of total and fetal circulating DNA in the original samples and the relative proportions of DNA in each of the gel fractions, ␤ -globin and DYS1 (Y chromosome-specific sequence Y49a) loci were used respectively. Quantitative real-time PCR was performed using the Applied Biosystems 7700 sequence detection system (Foster City, Calif., USA). Quantification of total and fetal DNA as genome equivalents per milliliter of plasma was based on copies of ␤ -globin and DYS1 sequences detected per microliter of plasma. Each 50-l reaction contained 25 l of PE-ABI Universal Mastermix and 5 l of extracted DNA. Primers and probes were used at final concentrations of 300 and 200 nm, respectively. Each reaction plate was run simultaneously with a duplicate calibration curve of titrated DNA (standard curve). Each sample was run in triplicate for both loci with the mean of the values determined using the 7700 software and a standard curve of known DNA concentrations. Cycling conditions for all reactions consisted sequentially of 2 min incubation at 50 ° C to activate UNGErase, initial denaturation step of 95 ° C for 10 min, and finally 40 cycles of 95 ° C for 15 s and 60 ° C for 60 s. All samples were analyzed blindly with respect to fetal gender. The standard factor of 6.6 pg was used to convert the data to genome equivalents (GEq).
Results
To determine the effect of GA, 31 maternal plasma specimens ranging from 7 to 36 weeks (22.4 8 6.7) were subjected to quantification of both total ( ␤ -globin) and fetal (DYS1) DNA sequences and compared to 18 adult controls (10 males and 8 females). Among the 31 maternal samples, total cell-free DNA levels were nearly double by measurement of ␤ -globin levels (1,380.2 8 728.2 GEq/ ml) compared to both control male (866.1 8 313.4 GEq/ ml) and non-pregnant female (810.0 8 524.2 GEq/ml) cases ( table 1 ) . No significant difference was observed among the two control groups (p = 0.781). As expected, increase in ␤ -globin levels correlated with increase in GA ( table 1 ) . Differences between second and third trimester were significant when compared to first trimester and female control (p = 0.026, p = 0.005). However, no significant difference in levels of DYS1 by trimester (fetal origin) was observed among the confirmed male pregnancies by GA ( table 1 ) .
Following quantification, all plasma DNA samples were subjected to agarose gel electrophoresis for fragment size separation. Three discrete agarose sections containing fragments with approximate sizes of 100-300, 500-700, and 1,500-2,000 bp were excised. The DNA was extracted and real-time PCR performed. Proportion of circulating ␤ -globin (adult and fetal) and DYS1 (male or fetal) DNA present in each individual gel fragment was calculated ( fig. 1 a, b) .
Among both pregnant and control samples (10 nonpregnant women and 10 adult men), the overall distribution was similar for ␤ -globin with the smaller size fragments (100-300 bp) containing the highest percentage of total DNA. Progressive decrease in percentage of total DNA correlated with increase in DNA size ( fig. 1 a) . The quantitative distribution of ␤ -globin and DYS1 DNA based on size fragment was equivalent among male controls ( fig. 1 a, b) . As expected, in female controls no DYS1 sequences were detected (data not showed) indicating that no external source of DNA was present on our experiments. In contrast to adult male samples, DYS1 and ␤ -globin distribution was different among maternal samples ( fig. 1 b) . The proportion of DYS1 was nearly 50% compared to ␤ -globin sequences among all pregnancies in the fragment size range of 100-300 bp (39.8 8 17.6%). This represents more than 4 times the level of similar size fragments in the control males (9.7 8 6.8%) (p = 0.0002). Frequency of DYS1 fragments in maternal samples decreased from 10.8 8 7.3% (500-700 bp) to 3.5 8 5.0% (1,500-2,000 bp). Thus, in pregnant women, the three measured size fragments account for 25-84% of fetal DNA based on DYS1 sequence. In contrast, the percentage of total DNA by ␤ -globin is only 7-40% among the same size fragments.
WGA was performed in plasma DNA before and after gel extraction. After WGA, DNA levels for ␤ -globin and DYS1 were quantified ( table 2 ). Controls for DYS1 include non-pregnant female in which no DYS1 sequences were detected (data not showed). In plasma DNA samples processed without size fractionation, 100% amplification for both ␤ -globin and DYS1 loci was achieved with similar gain in DNA levels. However, there was variability in the amplification of samples after gel fractionation ( table 2 ). Gel-fractionated samples for ␤ -globin displayed differences in sequence-specific amplification with 86% of the samples being amplifiable and a tendency for higher amplification among bigger fragment size. The average gain after amplification for ␤ -globin in the range of 500- 700 bp fragments was 4,687 8 7,526 in contrast of 1.5 8 1.1 in the range of 100-300 bp fragments. For DYS1 (fetal DNA) 62% of the total samples were amplifiable after gel fractionation with 100% of amplifiable fragments in the range of 100-300 (43% of samples displayed over 1,300-fold amplification). From the 1,500-2,000 bp fragments, a decrease in the number of amplifiable samples for fetal DYS1 was observed (29% of total samples were amplifiable) with none having more than 400-fold amplification ( table 2 ) . For all samples, the 260/280 ratio improved from 0.96 8 0.22 before WGA to 1.60 8 0.14 after WGA. 1 . a Distribution of % ␤ -globin levels (total DNA) based on fragment size in maternal plasma. Graph represents 31 pregnant women divided by first (n = 12; 1T), second (n = 12; 2T), and third (n = 7; 3T) trimesters. Plasma controls included non-pregnant women (n = 8) and adult men (n = 10). No significant difference was found among groups (p 1 0.1). b Distribution of % DYS1 (fetal DNA) based on fragment size in maternal plasma. Graph represents 16 pregnant women divided by first (n = 6; 1T), second (n = 6; 2T), and third (n = 4; 3T) trimesters. Plasma controls included adult men (n = 10). Significant difference in DYS1 levels observed at 100-300 bp fragment size between all trimesters (p = 0.0009).
Discussion
Our study supports that the majority of circulatory fetal DNA exists as small molecular size fragments in the presence of maternal derived DNA of larger molecular size as reported by others [13, 14] . Chan et al. [13] utilized real-time PCR to detect and quantify DNA using PCR amplicons ranging in size from 107 to 524 bp for fetal DNA (SRY) and 105 to 798 bp for maternal DNA (leptin). The median concentration of SRY with the use of primers producing amplicons longer than 313 bp was below 1%. The median concentration of leptin gene with primers producing an amplicon of 392 was 32%. Li et al. [14] used a combination of gel extraction and real-time PCR to examine DNA in a range of 90-23,000 bp based on detection of GAPDH and SRY. In our study, we selected to do gel fractionation in a range of sizes between 10 and 2,000 bp based on our hypothesis that cff DNA is apoptotic, thus expecting smaller size fragments. Moreover, we demonstrated for the first time that size-fractionated fetal DNA is suitable for WGA, providing a source of enriched fetal DNA.
This study illustrates the molecular size pattern of both fetal and total circulating DNA in maternal circulation as a function of GA before and after gel fractionation. Variability among subjects in the amount of fetal and total DNA was observed. There is an increasing trend among trimesters for both ␤ -globin and DYS1 levels. ␤ -Globin levels display a significant increase as pregnancy progresses, in agreement with studies reported by Lo et al. [1] . Total levels of ␤ -globin in pregnant cases are higher than non-pregnant controls reaching significance in the second and third trimester (p = 0.026, p = 0.005). However, there was no difference in the size fraction distribution of ␤ -globin between pregnancy and controls samples. This result may be expected given the distribution of ␤ -globin mainly represents maternal DNA [1] . Levels of DYS1 also increase according to GA. There is a significant difference and improve of the detection of fetal alleles from maternal samples after gel fractionation with ϳ 50% of cff DNA localized in the small size range 100-300 bp. These results corroborate our hypothesis that cff DNA, because of its apoptotic origin, is predominantly of small size.
Since gel size fractionation allowed the enrichment of cff DNA, other groups like ours have used that technique as an initial step to decrease the amount of maternal DNA. For example, gel fractionation with MALDI-TOF mass spectrometry allowed detection of single mutation in two achondroplasia-affected pregnancies from maternal plasma [17] . Our group decided to combine gel size fractionation with WGA. Different WGA techniques have been developed to specifically increase the DNA quantities originating from samples with limited DNA contents. There are PCR-based and non-PCR base (isothermal) methodologies. The WGA method used by us involves linker ligation and PCR with universal primers. According to the manufacturer, results are highly reproducible, with 99.8% concordance in SNP detection between amplified and genomic DNA. The method is optimized for use on at least 10 ng of high-quality template DNA, however, single cells and highly degraded DNA can be amplified with high accuracy in contrast to the isothermal methodology that require high-quality DNA. Considering that cff DNA is of low quality and quantity the PCR method was chosen; however, we are aware that this methodology has a risk for bias and uneven distribution of alleles. There are reports indicating that WGA does not replicate telomeric or highly repetitive centromeric regions effectively [18] . In addition, stochastic sampling effects have led to varying results between replicates, with not all alleles being reported in every sample. To obtain the most complete and accurate profile, pooled DNA from separate WGA reactions may be required [19] . In our study, we only performed one round of WGA per sample, perhaps explaining why amplification failed in some cases. Further studies warrant more than one round of WGA per sample to ensure amplification detection of both loci in all samples. Since amplification bias (i.e. allele dropout) appears to be random with respect to an allele, performing multiple amplifications would prevent smaller alleles from being undetected or misrepresented. The ability to increase and improve the amount and quality of starting fetal DNA by using WGA would be invaluable for prenatal diagnostic applications. In fact the 260/280 ratio was improved from 0.96 8 0.22 to 1.60 8 0.14 in samples after WGA. Our results suggested that WGA for non-invasive prenatal diagnosis would be most effective after gel extractions since plasma-circulating DNA consists of a mixture of fragmented apoptotic and necrotic DNA in a broad range of sizes that are difficult to amplify uniformly. This was demonstrated by 1,000-fold increase on average of DNA gain when compared DYS1 (average of DNA gain 1,556) to ␤ -globin (average of DNA gain 1.5) in 100-300 bp size population. Using WGA on discrete size populations improves the likelihood of amplifying desired target sequences.
Circulating fetal DNA is stable and highly present as small size fragments ( ! 300 bp). By using agarose gel electrophoresis combined with WGA, we successfully enrich for fetal DNA yielding a population of fetal DNA that is better suited for molecular analysis. The combination of these techniques is a novel approach to generating higher amounts of good quality fetal DNA for high-throughput analysis of genetic abnormalities using plasma-circulating DNA.
